The noise components in a new microwave photonic signal processor that has the ability of simultaneously realizing a large free spectral range (FSR) and high-resolution bandpass filter response are investigated. The filter is implemented using the Vernier effect and the frequency-shifting technique in an optical delay line structure. The power spectrum of the signal-spontaneous beat noise, which is the dominant noise source in the system, is theoretically analyzed and experimentally measured. Experimental results are presented, which show that the new large FSR microwave photonic signal processor has a low-noise performance and demonstrate 31-fold increase in the FSR of a bandpass filter response while having a sharp passband and 30-dB stopband rejection level.
Introduction
Photonic signal processing is attractive due to its high time-bandwidth capability, immunity to electromagnetic interference, and its potential to solve the limitations of electronic approaches. It can also process signals directly inside the fiber [1] . Photonic signal processors implemented using the infinite impulse response (IIR) optical delay line structures such as the amplified recirculating delay line (ARDL) loop [2] and the active-fibre Bragg-grating-pair cavity [3] can generate a large number of delayed optical signals to realize a high-resolution bandpass filter response, using only few optical components. However, these filters have a limited operating bandwidth because they have a periodic frequency response where the filter passband repeats at an integer multiple of the fundamental filter passband frequency. The separation between two successive passbands of the filter is referred to as the free spectral range (FSR) [4] . A large FSR is required for a filter to operate over a wide bandwidth.
The filter FSR is determined by the time delay of the delayed optical signals, which in turn depends on the loop length of an IIR optical delay line structure. A large-FSR bandpass filter requires the IIR optical delay line structure to have a short loop length. The loop length of an IIR optical delay line structure is restricted by the components inside the delay line loop. An optical amplifier is required inside the delay line loop to compensate for the loop loss and to provide gain for generating a large number of delayed optical signals so that a high-resolution bandpass filter response can be obtained. A passive recirculating delay line with a short loop length of 2.8 cm has been fabricated on a lithium niobate waveguide [5] . With the inclusion of a few centimeter long erbium-doped waveguide amplifier [6] , the length of the integrated ARDL loop can be 10 cm. This shows an IIR-based optical delay line signal processor can only realize a bandpass filter response with a maximum FSR of around 1.4 GHz even the device is integrated in a lithium niobate waveguide that has 2.14 refractive index. This makes the filter operating bandwidth to be less than 2.8 GHz, which is too low for many applications.
Recently, Vernier effect [7] has been used in microwave photonic signal processing to increase the filter frequency response FSR [4] , [8] - [10] . These filters are based on connecting two optical delay line structures in series with proper design on the delay time of each structure. While these structures have demonstrated the increase in the frequency response FSR, they either have limited resolution or generate an excessive amount of phase-induced intensity noise (PIIN) which limits the signal-to-noise ratio (SNR) [11] that makes them unusable in practice. Recently, we reported a technique, based on the use of a time compression unit, to increase the FSR of a microwave photonic bandpass filter [12] . This filter has no PIIN but only a low-resolution filter response was demonstrated. The aim of this paper is to present for the first time that the theoretical and experimental investigation of the noise presented in a new large-FSR high-resolution microwave photonic bandpass filter implemented using the Vernier effect. The filter features the advantages of PIIN-free and robust performance. Experimental results are presented that demonstrate a highresolution bandpass filter with 31-fold increase in the frequency response FSR. The filter SNR performance are also measured and compared with a simple optical delay line structure. Fig. 1 shows the topology of the new large-FSR high-resolution microwave photonic bandpass filter. The continuous wave (CW) light from a laser source is split by an optical coupler. The light at the first coupler output is intensity modulated by an optical modulator driven by an RF signal. The RF modulated optical signal at the modulator output circulates in the first frequency shifting amplified recirculating delay line (FS-ARDL) loop with a loop length L 1 . This generates many different frequency delayed optical signals, which produce a coherence-free high-resolution bandpass filter response [13] . The delayed optical signals together with the CW light from one of the optical coupler outputs are launched into a wavelength converter formed by an optical circulator and a semiconductor optical amplifier (SOA). The function of the wavelength converter is to copy the processed RF information signal carried by the different frequency delayed optical signals into the CW light through the process of cross gain modulation (XGM) in the SOA [14] . The single frequency optical signal at the output of the wavelength converter has a coherence-free high-resolution bandpass filter response. It passes through an optical attenuator (Att) before launching into the second FS-ARDL loop with a loop length L 2 . The optical attenuator is used to control the signal power into the second loop to avoid saturating the optical amplifier inside the second loop. The RF information signal at the second FS-ARDL output, which has been processed twice, is again copied to the CW light from one of the optical coupler outputs via the XGM effect in the SOA. The single frequency optical signal carrying the processed RF information signal launches into the third FS-ARDL with a loop length L 3 for signal processing for the third time, and is then detected by the photodetector.
Filter Topology
According to the Vernier effect, the transfer function of the structure shown in Fig. 1 is the product of the transfer function of each FS-ARDL loop. The FSR of the overall structure is the least common multiple of the FSR of each FS-ARDL loop [7] , which is given by
where k m is an integer and FSR m is the FSR of the frequency response produced by the mth FS-ARDL loop, which is given by
where c is the speed of light, n is the fiber refractive index and L m is the loop length of the mth FS-ARDL. Therefore, in order to obtain a large increase in the FSR, the loop length of the FS-ARDLs shown in Fig. 1 need to be designed so that they are not an integer multiple of the others. The frequency shift Áf in each loop shown in Fig. 1 can be the same or different to that in the other loops. It only needs to be three times larger than the maximum RF signal frequency in order to avoid the aliasing problem [1] . Since the delayed optical signals into the wavelength converters and into the photodetector have different optical frequencies (or wavelengths), the structure shown in Fig. 1 has no coherent interference and PIIN problems. Hence, a robust bandpass filter response can be obtained.
It should be pointed out that a microwave photonic bandpass filter implemented using multiple ARDL loops has been reported [15] . However, the previously reported structure is not aimed to increase the frequency response FSR and to obtain a low-noise performance. It is aimed to improve the filter response skirt selectivity by designing all the ARDL loops to have the same length so that the filter passbands generated by the loops are aligned with each other. This is different to the large-FSR microwave photonic bandpass filter presented in this paper where the loops are designed to have different lengths, and consist of an optical frequency shifter for PIIN suppression. Moreover, until now there have been no reports on the investigation of the noise components generated by a multiple coherence-free optical delay line structure.
Filter Transfer Function and Noise Analysis
The large-FSR high-resolution microwave photonic bandpass filter transfer function, which is defined as the ratio of the output and input RF signal voltage, is given by
where M 9 1 is the number of the FS-ARDL loops, N m is the number of taps generated in the mth loop, m is the coupling ratio of the optical coupler in the mth loop, g m is the gain of the optical amplifier inside the m th loop, l m is the insertion loss of the optical frequency shifter inside the mth loop, z m ¼ expðj2T m f Þ, f is the RF frequency, T m ¼ ðnL m Þ=c is the delay time corresponding to the mth FS-ARDL loop length L m , m ðf Þ is the XGM wavelength conversion efficiency of the mth wavelength converter, G m is the ratio of the optical power at the output and input of the mth wavelength converter, and Att m is the attenuation of the mth optical attenuator. The first term in (3) is the product of the M FS-ARDL loop transfer functions. The second term is due to the XGM effect in the SOAs. Since SOAs can be designed to have a wide XGM bandwidth [14] , the XGM wavelength conversion efficiency response is flat for the frequencies below 40 GHz. Therefore, the overall filter response shape is simply determined by the frequency responses of the M FS-ARDL loops, which can be controlled by the system parameters such as the optical coupler coupling ratios, the optical amplifier gains and the loop lengths.
As an example, we consider the design of a high-resolution microwave photonic bandpass filter that has a fundamental passband frequency at 4.275 GHz, a 500 kHz 3-dB passband width and an over 30 dB stopband rejection level. This cannot be realized by using the single-loop structure because the loop length of the FS-ARDL needs to be 3.3 cm, which is too short even the device is integrated in a lithium niobate waveguide. However, the dual-loop structure can be used to satisfy the design requirements. The first FS-ARDL loop length is designed to be 62.3 cm, which corresponds to an FSR of 225 MHz and is 19 times less than the designed filter FSR. The second FS-ARDL loop length is designed to be 55.7 cm, which corresponds to an FSR of 251.47 MHz and is 17 times less than the designed filter FSR. The two FS-ARDL loops have the same loop gain of gl ¼ 0:99. The frequency responses of the two FS-ARDL loops and the combined response are shown in Fig. 2 . This shows a 17-fold increase in the filter frequency response FSR can be achieved by using the dual-loop structure. The unwanted passbands are more than 30 dB below the wanted passband at 4.275 GHz. The filter 3-dB passband width is 500 kHz. Note that both the stopband rejection level and the 3-dB passband width of the dual-loop large-FSR microwave photonic bandpass filter are dependent on the loop gains of the FS-ARDLs. A higher stopband rejection level can be achieved by increasing the loop gain but this will alter the 3-dB passband width of the filter. By connecting another FS-ARDL loop after the dual-loop structure to form a triple FS-ARDL loop as shown in Fig. 1 can provide an extra degree of freedom in controlling the stopband rejection level and the 3-dB passband width of the filter. Fig. 3 shows the frequency response of the triple-loop structure having the loop lengths of 68.9 cm, 62.3 cm and 55.7 cm, and the same loop gain of 0.987 for the three loops. In this case, the filter 3-dB passband width remains 500 kHz while the filter stopband rejection level is increased to over 55 dB. Since the PIIN generated in the FS-ARDL is frequency shifted to be outside the RF information band, the signal-spontaneous (s-sp) beat noise generated by the optical amplifier inside the FS-ARDL loop is the dominant noise source in the system. It was found that the s-sp beat noise generated in the FS-ARDL is 40 dB below the PIIN generated in the conventional ARDL [13] . Therefore, the FS-ARDL structure has the ability to realize a bandpass filter response with a lownoise performance. In the case of the dual FS-ARDL loop structure, the CW light into the wavelength converter copies both the processed RF information signal and the s-sp beat noise generated in the first loop to a single frequency optical signal that launches into the second loop. The second loop filters the noise generated in the first loop as well as generates its own noise [16] . Therefore, the s-sp beat noise spectrum at the output of the dual FS-ARDL large-FSR microwave photonic bandpass filter is given by
where S sÀsp;m ðf Þ is the s-sp beat noise spectrum of the mth FS-ARDL [13] , and H m ðf Þ is the transfer function of the mth FS-ARDL and is given by
In the case of the large-FSR microwave photonic bandpass filter having M FS-ARDL loops, the power spectrum of the dominant s-sp beat noise is given by Fig. 4 shows the s-sp beat noise spectrums of two single FS-ARDL loop microwave photonic bandpass filters with the loop lengths of 62.3 cm and 55.7 cm, respectively, and the s-sp beat noise spectrum of the large-FSR microwave photonic bandpass filter formed by two FS-ARDL loops. The frequency responses of these filters are shown in Fig. 2 . The fundamental passband frequency of the dual FS-ARDL loop microwave photonic bandpass filter is 4.275 GHz. In order to compare the s-sp beat noise level generated in the single and dual FS-ARDL loop structures, the optical attenuator attenuation in the dual-loop structure is set to be so that the average output optical power of the dual-loop structure is the same as that of the singleloop structure. It can be seen from Fig. 4(b) that the s-sp beat noise peaks generated in the first loop at 4.05 GHz and 4.5 GHz are filtered by the second loop. The s-sp beat noise at the passband of the dual-loop large-FSR microwave photonic bandpass filter is 3 dB higher than that of the single FS-ARDL microwave photonic bandpass filter. Since the average output optical power into the photodetector is the same for both cases, the SNR of the dual-loop large-FSR microwave photonic bandpass filter is only 3 dB lower than that of the single FS-ARDL microwave photonic bandpass filter. Hence, the advantage of low-noise performance in the FS-ARDL remains in the dual-loop structure. Most importantly, the FSR of the frequency response generated by the dual-loop structure is significantly increased compared to the single-loop structure.
Experimental Results
An experiment was set up as shown in Fig. 5 to verify the concept of the large-FSR high-resolution microwave photonic bandpass filter. The optical source was a tunable external cavity laser. The laser wavelength was 1550 nm and the laser linewidth was less than 500 kHz. The CW light from the laser source was split by a 50 : 50 optical coupler. One of the optical coupler outputs was connected to a polarization controller followed by a quadrature biased electro-optic intensity modulator. The RF modulated optical signal at the modulator output was launched into an FS-ARDL, which was formed by a 50 : 50 optical coupler, an erbium-doped fibre amplifier (EDFA), an optical filter and a 250 MHz acousto-optic frequency shifter (AOFS). The delayed optical signals at the output of the FS-ARDL and the CW light from the laser source were fed into a wavelength converter, which comprised an optical circulator and a SOA. The variable optical attenuator (VOA) in front of the SOA was used to control the CW light power into the SOA to obtain a high XGM wavelength conversion efficiency. The output of the wavelength converter passed through a VOA before entering the second FS-ARDL. The second FS-ARDL was formed by the same components as in the first FS-ARDL except a 750 MHz AOFS was used instead of the 250 MHz AOFS. The 750 MHz AOFS had a 4 dB polarization dependence loss. Hence, polarization controllers at input of the second loop and inside the loop were used to ensure the recirculating optical signals were aligned to the frequency shifter input polarization. A variable optical delay line was inserted into the second FS-ARDL to adjust the loop length to increase the overall frequency response FSR. The delayed optical signals at the output of the second loop were detected by a photoreceiver, whose output was connected to a network analyzer to display the filter transfer characteristic. The loop lengths of the FS-ARDLs were obtained from the filter frequency response FSRs measured on the network analyzer with a 10 kHz resolution. By using (2) together with the measured FSRs, the loop lengths of the first and second FS-ARDLs were found to be 32.26 m and 24.78 m, respectively. Note that shorter loop lengths, which enable the filters to have larger FSRs, can be realized by using a linear SOA instead of an EDFA inside the loops. However, due to the lack of two linear SOAs, the large-FSR high-resolution microwave photonic bandpass filter was demonstrated using EDFAs. Fig. 6 shows the measured and simulated frequency responses of the dual-loop large-FSR microwave photonic bandpass filter. Excellent agreement can be seen. The filter has a sharp 3-dB passband width of 15 kHz and over 30 dB stopband rejection level. The filter frequency response FSR was 80.7 MHz. A larger FSR can be obtained by adjusting the length of the second loop. However, due to the aliasing problem, the maximum operating frequency of the FS-ARDL based microwave photonic bandpass filter was limited to one-third of the frequency shift, which was 83.3 MHz when using the 250 MHz AOFS. The filter frequency response was stable even the laser source had a narrow linewidth, which demonstrated the filter was free of coherent interference problem. The frequency responses of the first and second FS-ARDL loops were also measured and are shown in Fig. 7 . The filter frequency response FSRs were 6.2 MHz and 8.07 MHz, respectively. This demonstrates 10-fold increase in the FSR can be achieved by using the dual FS-ARDL loop structure.
The SNRs of the single and dual FS-ARDL microwave photonic bandpass filters were measured by applying an RF signal at the filter passband frequency into the electro-optic intensity modulator. The output RF signal power and the output noise power were measured on an electrical spectrum analyzer connected to the photoreceiver. A low noise power was obtained at the output of the single and dual FS-ARDL microwave photonic bandpass filters demonstrating there was no PIIN. The measured single and dual FS-ARDL microwave photonic bandpass filter SNRs at the filter passband were 47.2 dB and 43.9 dB, respectively in a 100 kHz resolution bandwidth. This shows the SNR of the dual-loop structure is around 3 dB lower than that of the single-loop structure, which is agreed with the theoretical prediction. Although the dual FS-ARDL microwave photonic bandpass filter has a 3 dB lower SNR, it has a much larger frequency response FSR than the single FS-ARDL microwave photonic bandpass filter. Finally, experiments were carried out to demonstrate a larger FSR bandpass filter response can be obtained by using the dual-loop structure. This was achieved by replacing the 250 MHz AOFS in the first FS-ARDL loop with a single-sideband suppressed carrier (SSB-SC) modulator based frequency shifter [17] . The SSB-SC modulator based frequency shifter can provide a larger frequency shift compared to the AOFS, which enables the filter to be demonstrated over a wider frequency range without the aliasing problem. The SSB-SC modulator was set up to provide a 2 GHz frequency shift. The length of the first FS-ARDL loop was 29.7 m, which resulted in a bandpass filter response with an FSR of 6.73 MHz. Fig. 8 shows the frequency responses of the dual-loop large-FSR microwave photonic bandpass filter for the second FS-ARDL having a loop length of 26.592 m ðFSR ¼ 7:52 MHzÞ and 27.917 m ðFSR ¼ 7:164 MHzÞ, respectively. It can be seen from the figure that the combined response has a passband at 127.9 MHz and 222.1 MHz, which demonstrated 17-fold and 31-fold increase in the bandpass filter response FSR. A microwave photonic bandpass filter with an even larger FSR can be realized by adjusting the second FS-ARDL loop length and by replacing the 750 MHz AOFS in the second loop with a SSB-SC modulator based frequency shifter that produces a larger frequency shift. A 40 GHz bandwidth SSB-SC modulator has been demonstrated [18] showing the large-FSR microwave photonic bandpass filter can be operated well into microwave frequencies. Note that the SSB-SC modulator is an electro-optic device and is implemented using lithium niobate technology. Hence, the FS-ARDL loop, which is formed by an optical coupler, an optical amplifier and a SSB-SC modulator based optical frequency shifter, can be fabricated on a lithium niobate waveguide [5] , [6] , [18] . This enables the large-FSR microwave photonic bandpass filter to be realized using two or more very small-delay high-frequency FS-ARDL modules.
Conclusion
The noise components in a new microwave photonic signal processing structure for realizing a large-FSR high-resolution bandpass filter response have been investigated. The filter is based on using the Vernier effect and the frequency shifting technique in an optical delay line structure. It solves, for the first time, both the limited FSR problem and the PIIN problem in the IIR-based optical delay line architectures. The power spectrum of the s-sp beat noise, which is the dominant noise source in the multiple FS-ARDL structure, has been analyzed and compared with the single FS-ARDL structure. Simulation results show the advantage of low-noise performance in the FS-ARDL remains in the dual-loop structure. Experimental results have been presented that demonstrate 31-fold increase in the FSR of a bandpass filter response. The results have also demonstrated a robust high-resolution bandpass filtering operation using a narrow-linewidth laser source. Furthermore, no PIIN was observed and high SNR performance was measured. The new photonic based filter offers bandpass filtering to microwave frequencies, which can be integrated in optical fiber microwave transmission systems. 
